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Abstract 
The cutting fluid application is the most usual method for cooling the cutting tool, however it is harmful to the environment  and to the human 
being health, besides it represents a significative part of the production costs. One recent alternative method  for eliminating the cutting fluid in 
machining employ a toolholder with internal cooling, but to make it efficient and economically viable, it is necessary to study the behavior of 
thermal energy in its interior in order to get better efficiency in heat removal from the cutting tool. This study proposes to develop a model of 
three-dimensional transient heat conduction, discretized by a non-uniform mesh, to estimate the temperature and heat flux at any point of the 
set of cutting tool and toolholder. The calibration of the virtual model of the set was made using the finite element method, correlating it with 
experimental tests of turning by using thermocouple to mensure the temperatures on the body of the toolholder along the time. The results show 
that it is possible to obtain a close correlation of the model with the experimental results. 
© 2015 The Authors. Published by Elsevier B.V. 
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2015. 
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1. Introduction 
The machining processes generates a great quantity of heat 
that is distributed into the tool, chip, workpiece and 
environment. The heat transferred to the tool causes some 
damages like reducing the mechanical resistance of the tool 
and its wear resistance. The wear growth of the tool generates 
some problems like inaccuracy of final piece dimensions and 
poor quality of the machined surface. Two methods are 
commonly used to reduce the heat generated in the process: 
adequate cutting parameters to the machining process 
employed, exploring the range with less heat generation, or 
the use of fluids for cooling and lubrication of the cutting 
zone. The first method used alone, limits the productivity of 
the process which becomes dependent on the parameters 
chosen. The second method involves knowledge related to 
heat transfer and tribology, and allows to control the heat that 
is transferred to the cutting tool, increasing its life and 
improving the piece’s surface finish. 
Despite the benefits of their use, the cutting fluids has some 
disadvantages, such as: added costs involving storage needs, 
pumping, filtering, recycling systems; water and soil 
contamination; potential operator health problems caused by 
gases, fumes and bacteria formed in cutting fluids. Besides, 
the cutting fluids are a potential factor for skin cancer after 
long exposure to them [1]. 
There are some methods of indirect contact of coolant with 
the cutting zone that can be an alternative to dry machining. 
For such, some techniques should be used such as (1) use of 
an internal cooling system, where the coolant flows through 
channels under the insert, without direct contact with the 
cutting zone, (2) internal cooling with an evaporation system, 
where a volatile liquid is introduced into the toolholder and 
evaporates in contact with the inferior surface of the insert and 
(3) cryogenic system, where a cryogenic fluid is conducted 
through a channel inside the tool [2]. More recently, Ferry et 
al [3] evaluated one indirect cooling method of the cutting tool 
in which was used a thinner tool and water as the internal 
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fluid. Compared to dry cutting, they achieved a 9.6 % 
reduction of the chip temperature, but regardless the 
conventional application of cutting fluid.  
Zhao et al. [4] studied the numerical simulation of the 
effect of internal cooling under flank wear using orthogonal 
cutting. Using an internal device for heat removal in the tool 
revealed that is possible to reduce cutting temperature and 
flank wear. According to heat intensity removed by the device 
and the distance between the device and the interface tool-
chip, good results can be obtained. For instance, with a device 
that removes 25 W/mm2, flank wear can be reduced by 15% 
and, depending on the distance, flank wear can be reduced by 
more than 11%. 
The needs for cooling methods that do not harm the 
environment and operators health, and at the same time are 
efficient in removing heat from the cutting zone, have been 
sought incessantly. In this sense, cryogenic fluids with very 
low temperatures have been considered an interesting 
alternative for this task since they present great heat removal 
capacity. Cryogenic expresses the study and utilization of 
materials at very low temperatures (below -150°C). However, 
great expenses and operational costs involved with subzero 
gas production delayed the development and growth of this 
technology until the economical cryogenic approach 
developed by Hong et al. [5]. 
In the pursuit for an environmentally correct and efficient 
cooling method, without any health risk, this article aims to 
develop a system based on a toolholder for turning processes 
with internal cooling using a coolant fluid with liquid–gas 
phase change, flowing in a loop circuit. The effects of this 
cooling system are analyzed and compared with the results 
obtained using dry machining. 
The method for evaluating the running of the device will 
employ parameters determined in experimental analysis of 
equivalent way to the technique of inverse problems. As 
reference parameter it will be used the temperature progress in 
a determined cutting tool point. By the use of this reference 
parameter it will be possible evaluate the heat quantity taken 
out by the cooling fluid. With this procedure it is possible 
verify its efficiency in the heat removal in relation to total 
heat flow that is introduced into cutting tool and, with this, 
compare it with the efficiency obtained in the dry cutting. 
2. Materials and methods 
Understanding the process of machining and all the factors 
involved is of fundamental importance to this work. Therefore 
will be presented some considerations that determined the 
fundamentals applied on this methodology. 
 An analytical study allows a first approach of the 
distribution of heat generated due to plastic deformation of the 
material, so it must be assumed that: all the energy of 
deformation is converted into heat energy; That energy is 
concentrated on a flat surface and evenly distributed; the heat 
generated is not dissipated into the environment during the 
formation of chips. Shaw also says that even with these 
approaches, to estimate the heat distribution is still complex 
because a portion of the energy will be removed by 
convection by the chip and a portion will flow to the 
workpiece, a portion will go to the cutting tool [6]. 
The phenomenon of contact along the length of tool-chip 
contact consists of adhesion and sliding regions, and the 
distribution of heat follows the same trend as the stress of 
friction. The friction is distributed evenly from cutting edge to 
the end of the adherence zone and then gradually decreases 
until the end of contact length [7]. The friction in this region 
is governed by the Amonton-Coulomb's model. Assuming 
that all the energy resulting from friction is converted into 
heat, the authors concluded that the generation of heat cannot 
be evenly distributed along the chip output surface [8]. 
2.1. Numerical Procedure 
The toolholder domain was shown on Fig. 1 need to be 
solved by the conduction heat transfer differential equation. 
For this case was used the hypotheses of transient solution 
with constant physical properties and no volumetric heat 
generation. Radiation heat transfer will be neglected. The 
contacts between all components were adopted as perfect. By 
this way, the conduction heat transfer differential equation for 
each component was represented by Equation (1). 
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The simulations were done using the ANSYS CFX® code 
using different boundary conditions for each region 
represented on Fig. 1. It was used a transient model for 
simulations determining the internal energy evolution for all 
components of toolholder.  
The physical properties of each material were adopted as 
constant for temperature variations with some default code. 
The adopted values for the thermal conductivity (given in 
kW/m.K) were: 43.1 for the cutting tool; 401.0 for the tool 
base and 60.5 for the toolholder body. The density values 
adopted (given in kg/m3) were 15,800.0 for the cutting tool; 
8,933.0 for the tool base and 7,854.0 for the toolholder body. 
The values for the specific heat capacity (in J/kg.K) were 
173.3 for the cutting tool; 385.0 for the tool base and 434.0 
for the toolholder body. 
The boundary conditions were determined or estimated 
based on physical processes observed on the physical model. 
For this case, different boundary conditions on the surfaces 
are considered: 
• External surface of Toolholder, Cooper Base and Tool 
exposed to air: in this case an estimated heat transfer 
coefficient was adopted. The estimative is based on the 
fact that there is a combined effect with free convection 
and forced convection with h=10 W/m².K. The ambient 
temperature was adopted the same of the toolholder startup 
temperature. 
• Refrigeration Chamber: where the boundary condition 
depends of the simulation study. For the toolholder dry 
condition it was adopted that this surface was insulated. 
For the case of toolholder with internal refrigeration it was 
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adopted the heat flux is transferred to fluid by convection. 
The heat transfer coefficient for this case was adopted for 
better coincidence with experimental results and the bulk 
temperature for fluid was used the phase change one. It 
should be noted that, initially, it was proposed a defined 
temperature condition on surface but the representation of 
the experimental results for this case was not so good. 
• Heating Zone: which is represented by two different 
surfaces: the Adherence Zone (Zad) and the Sliding Zone 
(Zes). For the Adherence Zone it was used an area with 
same size of the non-deformed chip. In this region it was 
used a boundary condition of second kind or specified heat 
flux. In the Sliding Zone it was adopted one area 
proportional to the tool wear. In this region a specified heat 
flux condition was also adopted. The main difference is 
that this one was adopted as a half of the first one. This 
hypothesis is adapted from the change of heat flux 
condition with distance along the rake face of the cutting 
tool. The total heat flux for this region is iteratively 
determined based on the coincidence with experimental 
results obtained from the experimental test. 
2.2. Experimental set-up 
The machining experiment aims to calibrate the numerical 
model by comparing the measured temperature with the 
temperature obtained in simulation for certain control points. 
The tests aim to represent cutting conditions usually used in 
different situation. The specimens are made of a heat-resistant 
austenitic steel hardenable by precipitation, designation SAE 
J775 XEV-F. The dimensions of the specimen are 155 mm 
length by 50 mm diameter. 
 The toolholder designed and manufactured for this work 
has dimensions similar to a conventional, but with a chamber 
just beneath of the cutting tool and separated by a cooper 
base. In this chamber the cooling fluid (type R22) evaporates 
and follows to a condenser located out of the toolholder where 
it is condensated and returns to the toolholder again and a new 
cycle is started. The experimental setup is shown in Fig. 1. 
The aim is that the fluid get in phase change (which occurs at 
a temperature of 24 ºC at 1 atm), thus enhancing heat removal 
from the cutting zone. The same toolholder also was used for 
dry cutting tests. 
 
 
Fig. 1.Experimental setup used in the tests. 
K-type thermocouple was positioned just below the tool, a 
region where there is an expectation of higher temperatures. 
The thermocouple was housed in a small cavity made in the 
body of the toolholder. 
For the experimental procedure were made two cut passes 
in each specimen for each test. The tests employed a feed rate 
of 0.1 mm/rev and depth of cut of 1.0 mm. Once the cutting 
speed is the more influence parameter on the cutting tool 
temperature, the cutting speed was varied as follows: 100, 130 
and 170 m/min for both dry cutting and internal cooling 
conditions. 
3. Results and discussions 
The heat flux entering the system has influence on 
temperature and time at which the curve starts to change 
behavior, as well as the inclination of the same. For higher 
heat fluxes, the transition time from first to second period is 
greater and there are higher temperatures and steeper 
inclination. 
The experimental results were used to allow the 
determination of some parameters of the proposed problem. 
The adjustment was done using the principles of inverse 
problem but using an iterative correction of the parameters 
until which the representation of the physical test were 
adequately represented by the numerical model. The 
simulation of an equivalent time to the test and comparison of 
heating curves for the respective points resulted in the 
boundary conditions presented in Table 1. 
Based on these parameters determined from the 
experimental tests was possible to verify the behavior of the 
temperature profile for a larger machining time: 30 minutes 
continuous. For the model with cooling was used an average 
heat transfer coefficient for the surfaces in contact with the 
fluid, hi = 1,850.0W/K.m2. 
This increase in time of the process allows the front of heat 
diffusion to reach regions of the toolholder further away from 
the main energy source. For dry cutting, in which the only 
way to dissipate heat is to the environment by natural 
convection, the heat transfer coefficient at external surfaces 
becomes a factor for the equilibrium condition. Were 
simulated two values of "hext", being them 10W/K.m2 and 
35W/K.m2 , the first is a value widely used in solving 
problems of natural convection, which is the value adopted as 
the reference and the second is the highest value found in the 
bibliography searched for natural convection [9]. 
 Table 1. Numerical parameter estimated by experimental tests performed. 
Model  
simulation 
Pass 
Heat 
transfer  
coefficient 
at  
external 
surfaces 
[W/K.m2] 
Heat 
transfer 
coefficient 
at  
internal  
surfaces 
[W/K.m2] 
Heat 
flux  
at “Zad” 
 [W/m2] 
Heat  
flux  
at “Zes”  
[W/m2] 
Dry 
cutting 
1st 
10 Adiabatic 
108 5.0x107 
2nd 8.15x107 4.08x107  
Internal  
cooling 
1st 
10 
2000 8.0x107  4.0x107  
2nd  1700 9.1x107  4.55x107 
 
Figure 2 shows the contribution of each mechanism in heat 
dissipation in each model. By analyzing these results it is 
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verified that in the presence of the coolant the heat loss 
through the outer surface takes a secondary role, contributing 
approximately one quarter of the total heat extracted. Thus, 
the energy transmitted directly to the internal fluid allows the 
system to reach steady state quickly and contributes to the 
reduction of temperature on the whole set, mainly at the chip-
tool contact. This implies, according to what is available in 
the literature, in longer tool life. Although this phenomenon is 
difficult to verify in short test, the results show that they 
would be far more efficient in the case of long-term processes. 
In Fig. 2 it is possible to confirm the hypothesis that the 
condition of steady state was not reached for the case of the 
toolholder without internal cooling. A quick review of the 
final condition for this case shows that the rate of heat 
produced is lower than the value that is provided by the 
machining process. As in this case the surfaces of the chamber 
is considered as adiabatic, the energy balance in the tool 
indicates that part of the energy is still being used to heat the 
toolholder. Thus, there is a tendency in these cases of increase 
the temperature. For the case of machining with internal 
cooling the sum of the heat produced by the camera and the 
external surface are compatible with the value of the energy 
delivered to the set. Thus, the condition of steady state was 
obtained and there is no tendency of increasing temperature. 
Figure 3 shows the cutting tool wear obtained in the 
machining with the toolholder internally cooled and 
conventional  dry  cutting. The  cutting  speed,  feed  rate  and  
 
 
(a) 
 
(b) 
Fig. 2. Global heat removal by: (a) external convection and (b) refrigeration 
chamber. 
depth of cut were 130 m/min, 0.1 mm/min and 1.0 mm, 
respectively. As general result it can be observed lower values 
of maximum flank wear (VBBmax) of the toolholder proposed 
than the dry cutting. Therefore, the tool life with internal 
cooling reached one pass longer. However, the SEM images 
in the life end of each cutting tool suggest that the wear 
mechanisms are similar for both conditions.  
 
 
Fig. 3. Cutting tool wear for internal cooling and dry cutting. 
Figure 4 presents the results of numerical simulation, 
which is observed the cutting tool temperature gradient in 
three machining times for both conditions, internal cooling 
and dry cutting. Corroborating the results obtained in the tests, 
the toolholder internally cooled was capable for keeping the 
cutting tool under lower temperatures than the dry cutting, in 
fact demonstrating to be a promising machining technique. 
With aim of verifying the influence of the internal cooling 
method on the cutting tool temperature, two consecutive 
passes were carried out on specimens, for each type of 
machining condition. Fig. 5 depicts the temperature behavior 
with internal cooling fluid and dry cutting under cutting speed 
of 130 m/min and the same feed rate (0.1 m/min) and depth of 
cut (1.0 mm). It can be observed that highest temperatures 
were generated in dry cutting condition and the most 
outstanding increasing is seen in the first pass of this 
condition. On the other hand, the  temperatures are lower with 
 
 
Fig. 4. Cutting tool temperature profile obtained by simulation. 
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internal cooling fluid and its tendency to increase at the point 
is smaller. This result indicates that the toolholder with 
internal cooling actually removes more heat quantity from 
cutting zone. 
 
Fig. 5. Cutting tool temperature after two consecutive passes with internal 
cooling fluid and dry cutting under cutting speed of 130 m/min. 
4. Conclusions 
 With regard to the development and results of this study, 
some points considered significant can be objectively 
highlighted, such as:  
x when using the internal fluid the condition of steady state 
is reached in a shorter time and temperatures in the cutting 
region were lower as well; 
x with the tests and simulation was observed that the 
numerical model calibrated by the experimental data 
showed results physically consistent and provided 
important parameters for further analysis;  
x it was shown numerically that the effectiveness of the 
toolholder with internal cooling is only noticeable in 
machining processes that exceed the time required to reach 
steady state. During heating both the model, with and 
without coolant, has similar behavior; 
x the importance of a better estimation of the external heat 
transfer coefficient is restricted to dry machining process 
with time enough to effectively heat the outside of the 
toolholder; 
x in relation to dry machining, the proposed system offers 
clear economic gains mainly in the increase of tool life; 
Besides, the proposed refrigeration system is simple, 
cheap, and does not harm the environment since it is a 
closed system that does not consume coolant fluid; 
 Evaluating the increasing tendency of the slope up 
temperature in experimental tests, it be concluded that the 
usage internal cooling method has greater efficiency in 
machining process of long term. 
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